Abstract This study analysed 130-year-long river flow and 58-year-long meteorological records, the volume capacity of reservoirs and water consumption records over the last 60 years of the Changjiang (Yangtze River) basin. The results show that there are strong periodicities in the river discharge at seasonal, and at 3-, 7-, 11-and 14.6-year cycles. The results also show that the river discharge has decreased noticeably, and the discrepancy between flood and dry-season flows has also decreased in the last 130 years. However, the basin-wide water discharge also showed spatial and temporal variability. In the 70-year period prior to 1949, the water discharge in the middle and lower reaches of the Changjiang did not show declining trends. Between 1949 and 2011, the water discharge in the upper and middle reaches of the river showed apparent decreasing trends. Yet, because of the modulation by large lakes in the middle reaches, the water discharge to the sea did not show any noticeable changes. The primary causes of the changes in water discharge in the Changjiang basin were basin-wide dam construction and water consumption. Therefore, a regulated index (RI) is proposed to quantify human activities in the river basin. Based on RI, the Changjiang basin was weakly regulated between
INTRODUCTION
Since the Industrial Revolution in the 18th century, human activities such as dam construction, flow diversion and unregulated agricultural and domestic consumption have deeply affected the natural behaviour of rivers (Nilsson et al. 2005 , Steffen et al. 2007 , Lin and Wei 2008 , Brázdil et al. 2011 , Genz and Luz 2012 . In the course of global climate change and human interference, many major rivers have shown declining runoff (Walling and Fang 2003) . The world faces severe challenges of water shortage and, consequently, enormous environmental dilemmas (Wiegel 1996 , Vörösmarty et al. 2010 , Estrela et al. 2012 . For example, the declining river flow in the Colorado River, USA, induced the transformation of a deltaic basin from an estuarine setting to a hypersaline and inverse-estuarine environment in the northern Gulf of California (Kowalewski et al. 2000 , Carriquiry et al. 2001 , Mujumdar 2013 . The declining discharge of the Huanghe (Yellow River) in China has affected the economy of its delta region and the ecology of the adjacent seas (Cu 2002) . Furthermore, the reduced runoff also reduced the sediment supply, which leads to coastal erosion in many river dispersal systems (Jay and Simenstad 1996 , Wiegel 1996 , Guillén and Palanques 1997 , Milliman and Farnsworth 2011 , Yang et al. 2011 . Therefore, understanding the variability, trends, and degree of human interference and regulation of the river flow is crucial for understanding of the behaviour of the river as a dispersal system and the management of its ecological environment and water resources.
The Changjiang (Yangtze) is the largest river on the Eurasian continent, and its water discharge is ranked the third largest in the world (Nilsson et al. 2005) . The river is divided into upper, middle and lower reaches at Yichang, Hukou and Datong, respectively (Fig. 1) . The Changjiang basin is 1.8 × 10 6 km 2 in area, and has 440 million inhabitants (Yang et al. 2005) . The river is 6400 km long, and has a mean yearly water discharge of 895 × 10 9 m 3 , mean yearly sediment load of 414 × 10 6 t, and the mean suspended sediment content of 0.461 kg/m 3 . The Changjiang basin has become the most developed and populated region of China. The demand for water is ever increasing and the outlook on reaching sustainable water resources is bleak.
In addition to the well-known Three Gorges Dam (TGD), a series of dams is being constructed in the upper and middle reaches (Fig. 1) . The expected capacity of these new reservoirs will exceed 60 × 10 9 m 3 (PRCHR 2004) . There is also heavy pumping in the delta region. All types of water usage are noticeably increasing (Dai et al. 2010) . To make it worse, a huge South-to-North (S-N) water diversion project is underway to alleviate the water shortage in northern China (Fig. 1) , which is expected to divert 44.8 × 10 9 m 3 of Changjiang water to the north (Chen et al. 2001) . Human interference in discharge of the Yangtze River, China
There is no doubt that new trends in Changjiang river flow will emerge. Past Changjiang research has focused on the sediment load exported to the sea (Yang et al. 2011 , Dai et al. 2011a , 2011b ; the variability of runoff in the past 50 years and under extreme drought conditions ; impacts of dams on Changjiang runoff (Zhang et al. 2012 ; and the relationship between precipitation, river flow and associated links to atmospheric circulations (Zhang et al. 2005 , Xu et al. 2008a , 2008b , Zhang et al. 2011 , Guo et al. 2012 . Little attention has been given to river-wide catchment dynamics on the spatial variability of river flow and human interferences. Furthermore, there have been no studies of Changjiang water discharge at the centennial scale, with little attention paid to human interference and regulation of the water discharge. Therefore, this study systematically examines the trends and variability in water discharge of the Changjiang in the past 130 years, as a result of the combined influences of climate (precipitation, air temperature), damming, water consumption and water diversion projects. The ultimate goal is to characterize the human interferences and degree of regulation on the hydrological behaviour of the third largest river in the world.
MATERIAL AND METHODS

Data collection
This study collected river flow records for four reference gauging stations along the main course of the Changjiang (data provided by the Changjiang Hydrology Committee, www.cjh.com.cn). ). The latter three stations represent the lower end of the upper reaches, the middle part of the middle reaches, and the middle part of the lower reaches of the river, respectively (Fig. 1) . The type, frequency and duration of the record at each station are tabulated in Table 1 . We also collected monthly mean temperature data between 1952 and 2010 at Yichang, Hankou and Anqing, and precipitation records at 33 stations of the Changjiang catchment (Fig. 1) . Meteorological data were obtained from the Weather Information Centre, Weather Bureau of China. Additionally, the capacity of all reservoirs since the 1950s, and water usage in the period 1980-2010 throughout the entire Changjiang basin, were included in this study (Table 1) .
Methods
We needed to reconstruct missing monthly runoff data at the Datong station for the period 1880-1949 without any precipitation measurements. Linear regression is a useful tool to reconstruct missing data points in a record. Based on the linear relationship between the synoptic river flows at Datong and Hankou in the period 1950-2011 (Fig. 2) , the original record length at Datong (1950 Datong ( -2011 was extrapolated to include the period (Fig. 3) . This enabled the long-term water discharge to be evaluated at the decadal scale. Compared to the exponential regression method, linear regression is more straightforward and applicable (Yang et al. 2010) . The results of our linear regression all achieved the threshold for statistical significance (p < 0.001), and R greater than 0.8, and can therefore be considered robust and reliable. We then proceeded to reconstruct the missing runoff data between 1880 and 1949 ( Fig. 3) . Subsequently, the wavelet technique (Morlet et al. 1982 , Torrence and Compo 1998 , Sang 2013 ) was used to analyse the periodicities in the monthly flow data for the period 1880-2011 at the four reference gauging stations (each has 1584 data points). Some studies use models based on the rainfallrunoff relationship to analyse and predict changes in river runoff (Niehoff et al. 2002 , Bronstert 2004 ). Here, we used a simple scheme to analyse the relationship between river runoff and precipitation. We first obtain the annual average precipitation within the subbasin at each reference gauging station, Yichang, Hankou, and Datong. Then, the yearly sub-basinwide precipitation was linearly regressed against the yearly runoff at four reference gauging stations to obtain the linear model between the two variables.
To examine the long-term trends, the runningmean method was applied to the yearly mean records for the period 1880-2011 at Cuntan, Yichang, Hankou, and Datong, with a window width of 14 years to remove the influences of El Niño and La Niña (Hossain et al. 2010) . The Mann-Kendall method (Mann 1945 , Kendall 1975 , Memarian et al. 2012 was also used to analyse the trend in river flows of flood and dry seasons, precipitation, and temperature at the different stations and corresponding catchments. These methods are frequently encountered in hydroclimatic time series analyses with the calculation procedure explained in Smith (2000) and Xu et al. (2010) . Assuming a normal distribution at the significance level of p = 0.05, a positive Mann-Kendall statistic Z > 1.96 indicates a statistically significant increasing trend; while a negative Z < -1.96 represents a statistically significant decreasing trend. Meanwhile, in order to diagnose the abrupt changes in river flow records, the Mann-Kendall abrupt change test was performed following the procedures described by Gerstengarbe and Werner (1999) . Here UF is the statistic calculated with the progressive series, and UB is calculated with the retrograde series. The intersection point of the two series between the significance level thresholds of ±1.96 (p < 0.05) indicates the time that abrupt change takes place (Gerstengarbe and Werner 1999) .
Moreover, based on the idea of Nilsson et al. (2005) , a regulation index (RI) is devised: 
where, in a given year, i, Capacity is the reservoir capacity; Consump is the total water consumed, i.e. water that is not returned to river flow and is therefore consumed, generally about 45% (CSRWRB 2008 (CSRWRB -2010 ; SN diverision is the loss to the S-N water diversion and MeanDischarge is the multiple-year mean water discharge for the period 1950-2011.
When the values of RI fall into the ranges 0-0.25, 0.25-0.5, 0.5-0.75 and 0.75-1.0, the degree of regulation is defined, respectively, as slightly affected, moderately affected, strongly affected and regulated. The percentage of river runoff of total reservoir capacity and total water used was also calculated.
RESULTS
Changes in temperature and precipitation
Temperature records at all stations between 2001 and 2010 showed a noticeable increase compared to those in the 1950s. The rise of annual mean temperature at Yichang was 0.78°C, at Hankou 0.77°C and at Anqin 0.77°C. At these three stations, the increasing trends in atmospheric temperature at annual, flood season and dry season time scales are all statistically significant, reaching p = 0.001, based on the Mann-Kendall trend analysis (Table 2) . These trends are consistent with the global pattern (Hansen et al. 2006 ). The temperature trend over the entire Changjiang catchment showed similar changes (Zhang et al. 2005) . In contrast, the Mann-Kendall trend analysis results on precipitation in the period showed no statistically significant trends (Z score between -1.14 and 1.90, p > 0.01), while trends were found at Yichang, Hankou and Datong for the dry and flood seasons and for the entire year. The results corroborate, to some extent, the findings of Zhang et al. (2005) , based on 51 raingauges in the Changjiang basin (Table 2) .
Periodicities in Changjiang water discharge
There is a close relationship between Hankou and Datong monthly discharge records (Fig. 2) , which was the basis for the reconstruction of monthly water discharge in the period 1880-1949 at Datong (Fig. 3) . Furthermore, the results of the wavelet analysis of monthly flow records show that there are common spectral characteristics at Yichang, Hankou and Datong in the period 1880-2011 (Fig. 4(a)-(f) ). All three stations have seasonal flood and dry cycles and periodicities at 3, 7, 11, 14.5 and 18.6 years (except for Yichang) (Fig. 4(b) , (d) and (f)). This suggests that the hydrological behaviour of the main course of the Changjiang is coherent except at the 18.6-year cycle in the upper reaches. Furthermore, the high values correspond to the historical floods in 1905, 1931, 1954 and 1998, and droughts in 1900, 1940, 1960, 1968, 1978 and 2006 (Fig. 4(a) , (c), and (e)). These periodicities indicate that, historically (in the past 130 years), the flow patterns of the Changjiang have always been oscillating. At present, the Changjiang is in a period of low flow. 
Trends in water discharge variability
In river catchment analysis it is important to distinguish between the annual mean flow, mean flow of the flood season and the mean flow of the dry season, all of which reflect the variability of the river hydrology. The Mann-Kendall statistics of the three mean flow values at Yichang, Hankou and Datong are shown in Table 2 . These numbers indicate that, since 1880, the reduction trends in the annual mean and in the means of the flood and dry seasons are all significant (p < 0.001). In the period 1880-1949, at Cuntan the Z score is less than-2.04 (p = 0.05), meaning that the annual flow decreased significantly. However, at Yichang, Hankou and Datong, the Z scores were between -1.40 and 0.83 (not statistically significant), which means no trend was apparent in the annual mean flow records at these stations. However, the flow in the dry season at these three stations did show statistically significant (p < 0.001) decreasing trends, despite the absence of decreasing trends in the flood season (Table 2) . Since 1950, the flood-season flow records at the three gauging stations have shown decreasing trends and the flow in the dry season increasing trends, suggesting de-coupled flood-dry seasonality in the water discharge. In the period 1950-2011, the river flow showed a significant decrease only at Cuntan and Yichang. Decreasing trends also appeared in records at Hankou and Datong, but these were not statistically significant.
Furthermore, the anomaly and the maximum/ minimum river flow ratio have been decreasing at the three stations (Fig. 5) . These trends also correspond to decreasing trends in the smoothed river flows after the 14-year running mean averaging (Fig. 5) . It is clear that in the past 130 years the river flows at the three stations have been decreasing (Fig. 5 (a) , (c) and (e)). In the meantime, the degree of fluctuation in the river flow has also been decreasing (Fig. 5 (b) , (d) and (e)). This suggests that the naturally fluctuating river runoff is being 'constrained' in such a way that there were no droughts in the dry season and no floods in the wet season in 2006 . It is even more evident that the yearly water discharge at the three stations has drastically dropped since 2000 compared to the mean yearly water discharge between 1880 and 2010. Additionally, the abrupt tests on the runoff showed that abrupt changes took place simultaneously around 2000 at Yichang, Hankou and Datong (Fig. 6) . At Yichang, more abrupt changes occurred in the period between 1970 and 1990. In the 1950s, abrupt changes occurred at Hankou and Datong.
When the multi-year mean river flows are compared, the water discharge decrease per century at Cuntan was 34 × 10 9 m 3 , which is equivalent to a 10% reduction. At Yichang it was 36 × 10 9 m 3 , or 7% reduction, at Hankou it was 51 × 10 9 m 3 , or 8% reduction, and at Datong it was 51 × 10 9 m 3 , or 6% reduction (Fig. 7) .
DISCUSSION
Natural influences
Using power spectral analysis Shen et al. (2000) identified periodicities of 2-3 and 7 years in the river flow record at Datong from 1946 to 1989. More recently, Yang et al. (2010) identified periodicities of 7, 14 and 38 years in the record from 1865 to 2006. Since the wavelet analysis technique is better at resolving the time-varying spectra in hydrological time series data, it was applied to our river flow records from 1880 to 2011 at Datong, Yichang and Hankou, which has not been done before (Fig. 4(b), (d) and (f) ).
The different periodicities in water discharge are most likely related to the fluctuations of intra-annual monsoon influences, related to the 2-7-year cycle of the El Niño and La Niña; the 9-11-year cycle of sun spot activity; and the 18.6-year cycle of the eccentricity of the Earth's orbit around the Sun (Sun and 9 at Cuntan; -3.6 × 10 9 at Yichang; -5.1 × 10 9 at Hankou; and -5.1 × 10 9 at Datong. The horizontal (red) line indicates annual mean discharge for the period 1880-2009 with values of 352 × 10 9 m 3 at Cuntan; 439 × 10 9 m 3 at Yichang; 732 × 10 9 m 3 at Hankou; and 919 × 10 9 m 3 at Datong. Yang 1992 , Zhang et al. 2005 , Tong et al. 2006 , Xu et al. 2008b .
The entire Changjiang basin is under the influence of the Asian monsoons (in the Indian and Pacific Oceans) that greatly control the regional precipitation pattern. The precipitation, in turn, dictates surface runoff and river water discharge (Zhang et al. 2005 , Wei et al. 2013 . In our study, we used a simple linear regression model to show the close precipitation-runoff relationship at the three reference stations (Fig. 8) . The results show statistically significant correlation between precipitation in the sub-basins and the corresponding runoff in the upper, middle and lower reaches of Changjiang, which highly suggests that precipitation is the dominant controlling factor on river runoff.
However, the Mann-Kendall trend analysis shows no significant trends in mean, dry season and flood season precipitation between 1956 and 2010, which corroborates with previous results in the Changjiang basin (Zhang et al. 2005) . Recently, Xu et al. (2010) analysed the precipitation time series of the Changjiang basin over the last 50 years and found little change. Despite the lack of precipitation trends, there were noticeable trends of runoff reduction in the annual mean and flood seasons, in the upper and lower reaches of Changjiang River between 1950 and 2010. Conversely, the runoff in the dry seasons for the entire basin showed increasing trends. The disparity between the flood and dry season trends indicates other factors, such as human interference.
In the past 30 years, global temperature has risen by approx. 0.2°C (Hansen et al. 2006) . The temperature over the Changjiang basin has shown similar changes (Zhang et al. 2005) . The annual temperature and the temperature in the dry and flood seasons all show statistically significant increases. Due to the effect of the 'pan evaporation paradox' (Brutsaert and Parlange 1998) and of urbanization in China (Zhang et al. 2011) , as the temperature increased, the net solar radiation and wind speed decreased, leading to a decrease in evaporation (Wang et al. 2005 , Liu et al. 2011 . However, the decreased evaporation did not cause river discharge to increase in the Changjiang.
Human influences
Although there is a connection between long-term trends in precipitation and evaporation and river water discharge in the Changjiang basin , human influence might be a major factor. Human activities in the Changjiang basin include damming, river water diversions, and domestic, agricultural and industrial water consumption. Based on the records of 1865 -2004 and 1865 from Datong, Yang et al. (2005 found that dam construction caused long-term decreasing trends in river flow. Moreover, dammed reservoirs are mainly located in the upper and middle reaches of the Changjiang basin, whose total capacity has risen between 1954 and 2010. However, there was a relatively rapid increase in reservoir capacity between 1970 and 1990, with reservoir volume increasing by 100 × 10 9 m 3 ( Fig. 9(a) . Another peak period of dam construction came after 2000. The years of abrupt changes in the Changjiang basin based on the Mann-Kendall test (Fig. 6 ) coincided with the times of impoundment and storage release by the Three Gorges Dam (TGD). This points to the influence of the TGD on the variability of river flow. Between 1970-1999, a series of dams (reservoirs) were built in the upper reaches of the river, causing the abrupt changes observed at Yichang (Fig. 6) .
The impoundment of TGD began in 2003. In 2010, the TGD became fully operational retaining 39.3 × 10 9 m 3 of water. In the next 15 years, new reservoirs added an additional capacity of 60 × 10 9 m 3 . By 2030, the projected reservoir capacity will reach 300 × 10 9 m 3 (PRCHR 2004), which will be equivalent to 34% of the annual water discharge measured at Datong (the average water discharge in the period 1950-2011 was 895 × 10 9 m 3 ). The reservoirs will mainly affect the upper and middle reaches of the river basin ( Fig. 9(a) ). As the reservoir capacity increased, the proportion of runoff compared to the runoff measured at Datong also increased from less than 5% in 1970 to over 20% in 2010 (Fig. 9(b) ).
These reservoirs retain the river discharge in the flood seasons and release part of the storage in the dry seasons (Chen et al. 2001) , which would undoubtedly modulate the intra-annual variability in river flow. However, the modulation of the Poyang and Dongting Lakes on Changjiang river flow also buffers the impact of dams in the upper reaches (Dai et al. 2010) . Therefore, the changes in the long-term trend of Changjiang water discharge into the estuary are not obvious, when compared to those in the upper and middle reaches ( Table 2) .
The rapid and huge economic development in the Changjiang basin has led to an increase in water usage of 100 × 10 9 m 3 /year between 1980 and 2010 ( Fig. 9(c) ). The total usage was equivalent to 15% of the runoff in 1990, and in 2010 it was close to 25% ( Fig. 9(d) ).
By 2030, the projected basin-wide annual water usage will be 260 × 10 9 m 3 /year (Fig. 9(c) ), which would be about 29% of the water discharge. The S-N Water Diversion Projects would reach 36.8 × 10 9 m 3 / year by 2030 (http://news.xinhuanet.com/ziliao/2002-12/27/content_672194.htm), which is another drain on water discharge. Therefore, human activities will greatly affect the hydrological behaviour of the entire Changjiang basin.
Degree of interference and regulation
The long-term trend in water discharge is decreasing and yet human interference is on the rise. To solve the conflict between demand and supply, it is urgent that we understand and quantify the degree of human regulation on the river water discharge. Before the 1980s, the Changjiang was slightly affected by human activities (RI < 0.25). The post-1980 era marked the beginning of modernization and development in China, which caused the RI value to increase to the moderately affected category (0.25-0.5) from 1980-2010 (Fig. 9(e) ). The projected RI values for 2010-2030 were based on linear regression of the historical RIs up to 2010 (green and black dots in Fig. 9(e) ), which predict that the level of human activity in the Changjiang basin will gradually increase. The projected RI will be 0.52 in 2030, which suggests that human interference on the hydraulic behaviour of Changjiang will increase from moderately affected in 2010 to strongly affected in 2030.
CONCLUSIONS
Most rivers in the world have been subject to human interference and regulation, to a varying degree. Global warming and human activities pose two major threats to sustainable global water resources. Our study is the first to systematically show and quantify the degree of regulation as a result of human interference in the Changjiang basin and the historical progression of this process. Our findings show that:
1. There are periodicities at intra-seasonal, and 3, 7, 14.5-year cycles in the water discharge records along the upper, middle, and lower reaches of the Changjiang. 2. Even though in the past 130 years, the water discharge in the Changjiang basin showed decreasing trends, there was noticeable basin-wide spatial and temporal variability. In the 70 years prior to 1949, the water discharge in the middle and lower reaches of the basin did not show any noticeable decrease. In 1949-2011, a clear decrease in water discharge appeared in the upper and middle reaches of the basin. Yet, the total water discharge to the sea showed no obvious change. 3. The contrast in the river flow between dry and flood seasons is decreasing, which is mainly affected by the basin-wide damming, water diversions, and water consumptions. 4. There are three stages of the human interference between 1950 and 2030. Changjiang was slightly affected from 1950-1980; moderately affected between 1980 and 2010 ; while at present, the level of human interference is rapidly rising. By 2030, human influence on the hydrological behaviour of the Changjiang is expected to be severe.
